A direct connection is established between tridimensional aromatic closo boron hydride clusters and planar aromatic [n]annulenes for medium and large size boron clusters. In particular, our results prove the existence of a link between the two-dimensional Hückel rule followed by aromatic [n]-annulenes and Wade-Mingos' rule of three-dimensional aromaticity applied to the aromatic [BnHn] 2-closo boron hydride clusters. Our results show that closo boron hydride clusters can be categorized into different series according to the n value of the Hückel (4n+2) rule. The distinct categories studied in this work correspond to values of n = 1, 2, and 3. Each category increases in geometrical difficulty but, more importantly, it is possible to associate each category with the number of pentagonal layers in the structure perpendicular to the main axis. Category 1 has one pentagonal layer, category 2 has two, and category 3 has three.
Introduction
The most popular closo boron hydrides (BHs) are those that have a structure derived from the icosahedron. This particular structure provides a great chemical and physico-chemical stability.
[1] The most remarkable example within this class is [B12H12] 2-, [2] and the most extensively studied are the closocarboranes, result of replacing one or two BH -fragments by one or two CH groups. In this way, anionic and neutral carboranes are obtained, e.g. [CB11H12] -, or ortho-, meta-, and para-C2B10H12. At a large distance, in terms of number of scientific publications, there is the bicapped square antiprism, of which the most genuine example is [B10H10] 2- . [3] As for the case of icosahedra, [B10H10] 2- transforms upon the replacement of one or two BH -by one or two CH groups into [CB9H10] -or C2B8H10, including their different isomers. In addition, besides the carbon heteroboranes, do exist a plethora of other heteroboranes, with heteroatoms such as S, P, N, or other incorporating transition or lanthanide metal fragments. Consequently, the icosahedron or bicapped square antiprism are very relevant geometrical features in BHs and, by extension, to other areas in which clusters are significant, e.g. Zintl phases.
In the last few years, we have given evidence that the concept of aromaticity, in terms of planar or tridimensional aromaticity, was not too distant, and that most probably -aromaticity and 3D aromaticity were based on the same grounds.
[4] This is why we named them as the two sides of the same coin.
[4b] To reach such conclusion we compared the conventional (4n+2) planar organic cyclic compounds with closo BHs. The aromaticity properties of planar organic cyclic compounds had been demonstrated by their stability, hydrogenation experimental studies, substitution but not addition reactivity, 1 H-NMR downfield shift of peripheral protons vs. protons in alkene compounds, and by structural criteria fundamentally based on the equalization of bond lengths, energy criteria based on the aromatic stabilization energies, and magnetic and electronic criteria strongly based on a theoretical standpoint. [5] The main methods utilized as magnetic criteria [5d] were aromatic ring current shielding (ARCS), [6] nucleusindependent chemical shifts (NICS), [7] and mapping ring currents. [8] As electronic indices, [5c] we can mention the fluctuation aromaticity index (FLU) [9] and the multicenter electron sharing indices (MCI). [10] Thus, aromatic organic compounds are the paradigm of what chemists expect in one aromatic molecule, despite the difficulties in finding an appropriate definition of what the term implies. Therefore (4n+2) planar organic cyclic compounds have the necessary experimental and theoretical support to be the archetypes of what "aromaticity" may indicate. On the other hand, closo BHs that geometrically have the shape of deltahedra have been demonstrated, mostly by the NICS magnetic criteria, [1a, 11] to be aromatic. This fact is also sustained by reactivity, mainly substitution vs. addition, stability criteria, and equalization of bond lengths. [1a, 12] Closo BHs respond to the formula [BnHn] 2- , n = 5 to 12 and are electronically interpreted by Wade's [13] counting rule 2n+2 or by Mingos' rule that is 4n+2. [14] Both rules are equivalent. Wade's rule refers to the skeletal electron pairs, whereas Mingos' rule also incorporates the exo electron pairs corresponding to the B-H bonds, thus referring to the total number of valence electrons (TNVEs). The meaning of n in Hückel's [15] or Wade-Mingos rule [13] [14] is totally different: in Hückel's, n has no relation with the structure, whereas in Wade-Mingos rules indicates the number of vertices in the deltahedron. [16] Therefore we had at hand two geometrically and pictorially very distinct type of compounds, both of them aromatic, both satisfying nominal 4n+2 electron counting rules but one having -aromaticity and the latter 3D-aromaticity. The question that arose was: were they in reality so different? We have recently shown that they are very much related by the number of valence electrons (VE) in a confined space (CS), and by applying the electronic confined space analogy (ECSA) method it was possible to bridge fundamental aromatic hydrocarbons (HCs) with closo BH clusters. [4a] The ECSA method [4a] was originally intended to be a graphical method by which it was possible, starting from a bidimensional model compound, to derive a tridimensional cluster. [17] The method consists in: 1) state the model organic compound; 2) define its confined space (cS) as the number of electrons enclosed in the ring of carbon atoms; 3) transmute each carbon atom into a boron atom and one electron (eT); [18] 4) replace extra electrons by sacrificial atoms (sA); and 5) generate the new BH compound by structural relaxation (sR). Throughout the whole process, the number of valence electrons in the corresponding confined space remains unaltered. It must be mentioned that Jemmis et al. made a different proposal to connect BHs and HCs that does not keep the total number of valence electrons constant. [19] Application of the ECSA method turned out to be very practical for small organic/boron hydride molecules/clusters, and laid the foundations for the application to larger clusters as those analyzed in this work. It did not work only for aromatic organic molecules but also for non-aromatic. In this way, it was shown that C2H4 , just before the sR process the graphical step produces a pentagonal pyramid, however this is not the most stable arrangement for a coordination six surrounding in coordination chemistry; it is the octahedron. Therefore the sR process led to an octahedron for [B6H6]
2-with octahedral aromaticity. [20] Another example is [B8H8]
; again the graphical step just before the sR produces an heptagonal pyramid, but this is not the most stable structure for coordination eight; the most usual ones are cubic, square antiprism, dodecahedron, and hexagonal bipyramid. Taking into account that the boranes produce triangular faces (with some exceptions like in tetraborane, [21] B4H10) the two first are immediately discarded as they have square faces; for a different reason the hexagonal bipyramid is also discarded as it would imply two boron atoms with an in-cluster connectivity of six, whereas all other boron atoms would have a connectivity of four. This leaves the dodecahedron with four vertexes of in-cluster connectivity four and four vertexes of connectivity five as the most plausible structure, as it is the case. So, the utility of ECSA was highlighted in our previous works.
[4] In the present work, our aim is to extend the application of ECSA to medium and large BH clusters, specifically to bicapped structures
) but also to those presenting three parallel planes (from [B15H15] 2-to [B19H19] 2- ). As we will show later, application of ECSA to medium and large boron clusters allows us to classify closo boranes in three categories depending on their geometrical complexity.
Results and Discussion
Therefore the ECSA method leads to the analog BH just with careful visual inspection of the model compound, however this turned not to be so simple with targeted molecules having two belts of atoms. To exemplify the case, the examples for [B10H10] 2- and [B12H12] 2-are included.
[B10H10] 2-boron hydride. As said above, [B10H10] 2-is remarkably aromatic, in agreement with its derivatization chemistry, its stability, and negative NICS values; but there are several options to guess its organic model compound. Up to now, the common way to apply ECSA has been from the organic model to the inorganic target. However, for large clusters, to reach its organic analogue, we needed to go the other way around with the aim to explore which organic molecules could be compatible with the cluster structure. In other words, we needed to produce a retro ECSA, rECSA. This has been exemplified in Figure 1 , in which starting from the octahedral [B6H6] 2- , the planar (4n+2) cyclopentadienyl anion [C5H5] 1-is generated. For this case the procedure can be applied easily and the correspondence 3D-aromatic BH leading to 2D-aromatic hydrocarbon is easily traced. The aromaticity of both compounds was previously proven by ourselves with [B6H6] 2-(NICS(0) = -31.0 ppm) and [C5H5] 1-(NICS(0) = -12.7 ppm).
[4b] 2-we get through (retro)structural relaxation (r-sR) an 8-membered ring (8-MR) with two axial BH groups pointing in the same direction (see Figure 2 ). The next two steps: (retro)sacrificial atom (r-sA) and (retro)electronic transmutation (r-eT) drive to the proposed [C8H8] 2-hydrocarbon equivalent. This equivalence is supported by magnetic aromaticity index NICS. [B10H10] 2-presents NICS(0) = -33.7 ppm (see Table 1 ) for any of the two central 4-MRs of this bicapped cluster, and the 3-MRs are also clearly aromatic (NICS(0) = -46.1 ppm). On the other hand, NICS also assigns a clear aromatic character to [C8H8] 2-with NICS(0) = -11.9 ppm.
[4b]
[B12H12] 2-boron hydride. 2-is in every way the paradigm of tridimensional aromaticity in the way benzene is the paradigm of -aromaticity. Therefore, it is expected that its analogue in organic chemistry is also a highly aromatic compound. In this way, by applying the rECSA method, the hydrocarbon C10H10 is generated, with 50 VE like for [B12H12] 2- . In Figure 3, , thus proving again the extremely high stability of the latter. It consists of a 10-MR with two axial BH groups pointing in the same direction, as for the previous case. The following r-sA and r-eT steps drive to the proposed hydrocarbon C10H10. The larger aromaticity of [B12H12] 2-compared to [B10H10] 2-is supported by its larger NICS values (see Table 1 ). NICS(0) for the central 5-MR is -34.6 ppm, whereas for the 3-MR is -48.3 ppm. On the other hand, D10h C10H10 presents NICS(0) = -13.7 ppm. For this latter case, this all cis structure is not a minimum, it presents two imaginary frequencies. The corresponding relaxation of this structure gives the nonplanar trans,cis,trans,cis,ciscyclodecapentaene, C10H10, with two out-of-plane hydrogen atoms at the central carbon atoms between the two quasi-planar 6-MRs. This structure is 37.0 kcal mol -1 more stable than the planar all cis isomer. However, it becomes non-aromatic (NICS(0) = 0.9 ppm) because of a combination of steric and angular strains that switch off  conjugation and lead to a non-planar structure with large bond length alternation. [22] Aromaticity is recovered when the 10-MR is forced to be almost planar like in 1,6-methano [10] annulene [23] (the NICS(0) value calculated in the center of one of the two 6-MRs is -14.8 ppm, and in the center of the large 10-MR is -26.8 ppm). Similarly, in a recent work by Xi et al., [24] it has been shown that a series of synthesized dicupra [10] annulenes, which do not have the H···H steric repulsion present in trans,cis,trans,cis,cis-cyclodecapentaene, are almost planar and aromatic. To confirm further the aromaticity of trans,cis,trans,cis,cis-cyclodecapentaene, we have performed the following gedankenexperiment. We have removed these two out-of-plane hydrogen atoms and built the singlet biradical C10H8. Geometry optimization of this structure drives to closed-shell naphthalene, which is clearly aromatic (NICS(0) = -8.5 ppm in the center of one of the 6-MRs). Just for comparison, the same biradical has been analyzed in its triplet state, giving rise to a stationary point that is clearly antiaromatic (NICS(0) = 16.3 ppm) as expected from Baird's rule, [25] and it is 62.3 kcal mol -1 higher in energy as compared to naphthalene. Figure 4) . In Figure 4 , to make a uniform comparison, we have considered only all cis [n]annulenes, despite they are not the most stable isomers. In addition, for the [BnHn] 2-species with n = 15-19, we have make the assumption that the most stable closo BH isomer has the same structure as the most stable corresponding closo carborane. [26] Therefore the list of closo BH clusters, [ adopts a butterfly D2d geometry (D2d geometry can be preferred over D4h due to the presence of stabilizing 1,3-overlaps [27] ), thus it is not a tetrahedron cluster as we would expect, and it is aromatic on the basis of NICS (NICS(0) = -9.5 ppm); further, its analogue [C4H4] 2+ is neither known in organic chemistry, but its computed geometry is also of D2d symmetry, and aromatic as well (NICS(0) = -7.8 ppm). It may be mentioned in passing that very recently a triboracyclopropenyl dianion, [B3R3] 2- , analog of C3H3 + and Hückel aromatic with n = 0, has been reported. [28] ii) The more stable boron hydrides in the series for n=1 and 2 are these whose organic analog has a zero charge, or close to it, e.g. 2-for C10H10 (n=2). iii) Boron experimental chemistry beyond the icosahedron is extremely hard and very few examples based on only main group elements, number of vertexes 13 and 14, have been experimentally produced and, in low yields. [16, 29] Therefore experimental physical details are not available, however and based on the ECSA model these large clusters should be stable, particularly [B17H17] 2-whose analog C14H14 has charge 0. In 1998 Schleyer et al. published [1a] that [B17H17] 2-had even a more negative NICS value than [B12H12] 2- , and that bond length alternation for [B17H17] 2-was the second smallest after the perfect platonic solid abiding [B12H12] Comments on the boron hydride closo clusters abiding the Hückel series n = 1, 2, and 3. As indicated above, each series consists of five members that correspond to the charges -2, -1, 0, +1 and +2 of the organic analog for the 6 electrons (series n = 1), 10 electrons (series n = 2), and 14 electrons (series n = 3).
The first member of the series n = 1 is [C4H4] and characteristically has one pentagonal plane perpendicular to the main axis (see Figure 4) . The second series, n = 2, is represented by a higher degree of structural complexity. In this series, [B12H12] 2-corresponds to an analog with charge 0, C10H10, and characteristically has two pentagonal parallel planes perpendicular to the main axis (see Figure 4) .
The third series, n = 3, is represented by even a higher degree of structural complexity. In this series, [B17H17] 2-corresponds to an analog with charge 0, C14H14, and characteristically has three pentagonal parallel planes perpendicular to the main axis (see Figure 4) .
Therefore, for the series 1, 2, and 3 the central BH cluster member that corresponds to a charge 0 of the organic analog has 1, 2, and 3 pentagonal layers, respectively, perpendicular to the main axis. ,……one notices that all are aromatic. Conversely, when comparison is made to the stoichiometrically similar annulenes C4H4, C5H5, C6H6, ….C8H8, …C10H10, …C14H14…one notices that few of them fulfil the Hückel's rule, and in some of the cases the reason why are not aromatic is due to the steric repulsion caused by the internal hydrogen atoms.
What makes closo
One immediate answer to the question above relates to the fact that all hydrogen atoms in BHs are outwards and that due to their radial dispersion the steric repulsions are negligible. However, more relevant to the question are the electronic requirements. Conjugated organic compounds are severely restricted to the planarity of the ring and the fulfilment to the Hückel (4n+2) rule, that means that only these annulenes subjected to the magic numbers 2, 6, 10, 14… will satisfy the condition by providing closed-shell electronic configurations. Interestingly here is the difference between each pair of the members of this sequence, four. Four are the number of electrons. Further, each new BH contributes four valence atomic orbitals to the cluster, three from the boron and one from the hydrogen, the fourth B atomic orbital is to accommodate with all fourth orbital coming from each contributing BH, the two extra electrons indicated by the charge. Therefore, the four bonding atomic orbitals produce two bonding molecular orbitals that are filled by two pairs of contributing electrons, always producing a closedshell electronic configuration.
Conclusions
In this work, the ECSA method has been successfully applied to medium and large size boron clusters. In particular, thanks to the confined space concept and to the ECSA method, boron clusters have been categorized into different series according to the n value of the Hückel (4n+2) rule. The distinct categories studied in this work have been for n = 1, 2, and 3. Each category increases in geometrical difficulty but, more importantly, it is possible to associate each category with the number of pentagonal layers in the structure perpendicular to the main axis. Category 1 has one pentagonal layer, category 2 has two, and category 3 has three.
The ECSA method has proven by the analogy criterion that every closo boron hydride finds its analogue that satisfies the Hückel (4n+2) rule. Each category is made of five elements as a consequence of the charge of the organic analogue satisfying the Hückel (4n+2) rule, and the process is periodic after changing the category.
The ECSA method basically consisted in defining one organic aromatic compound and develop its boron hydride analogue. In this work the opposite method named retro ECSA has been developed to produce the organic analogue of a medium or large closo boron cluster. By applying this retro ECSA method it has been possible to find the organic molecules that are analogues of closo boron hydride clusters. The method has been shown in detail only for [B10H10] 2-and for [B12H12] 2- , but it can be extended to large closo boranes, although in this latter case its application is not as straightforward as it is in small and medium size clusters because the structural relaxation step in some cases does not lead smoothly to the final organic analog. Finally, it has been found that on the basis of NICS aromaticity criterion, the closo boron hydride clusters are as a consequence of their electronic contributions aromatic compounds connected to aromatic archetype hydrocarbons.
Experimental Section
All calculations were performed with the Gaussian 09 package [30] by using the B3LYP [31] hybrid density functional and the 6-311++G(d,p) basis set. [32] The geometry optimizations were carried out without symmetry constraints, and analytical Hessians were computed to characterize the optimized structures as minima (zero imaginary frequencies) or n-order saddle points (n imaginary frequencies). Broken symmetry unrestricted calculations at UB3LYP/6-311++G(d,p) level were performed for singlet biradical and triplet C10H8 species.
Aromaticity was evaluated by means of the nucleus-independent chemical shift (NICS), [7, 33] proposed by Schleyer and co-workers, as a magnetic descriptor of aromaticity. NICS is defined as the negative value of the absolute shielding computed at a ring center or at some other interesting point of the system. Rings with large negative NICS values are considered aromatic. NICS values were computed using the gaugeincluding atomic orbital method (GIAO). [34] The magnetic shielding tensor was calculated for ghost atoms located at the center of the rings (or polyhedra) determined by the non-weighted mean of the heavy atoms coordinates. These values are denoted as NICS(0). [35] 
